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INVESTIGATION OF A HIGH-TEMPERATURE SINGLEXT"GE TURBINE SuITABI;E 
FOR A I R  COOLING AND TURBINE STATm ADJUS- 
I1 - PERFCIRMANCE OF VORTEX TUKBLPIE AT VAFtIOUS STATCR SETTINGS 
By Thomas R. Heaton, Donald E. Holeski, and Robert E. Forret te  
The turbojet engine for the supersonic airplane must operate over 
a range of temperature at the compressor inlet. This variation in 
compressor-inlet temperature may require   that   the  compressor or tur- 
bine, or both, operate over a wlde range of flow conditions. A mode of 
engine operation which requires   this   operat ional   f lexibi l i ty  of the 
turbine is considered; t h i s  mode requires tht the turbine s ta tor  and 
exhaust nozzle area be adjusted t o  maintain E. fixed compressor operating 
point. 
An experimental and analytical   investigation w a s  conducted i n  order 
.r t o  determine the performance of a single-stage adjustable-stator tur- 
bine over a range of stator set t ings corresponding t o  a range of engine 
temperature r a t i o .  For each s t a t o r  set t ing the turbine performance was 
from a scale-model-turbine cold-air t e s t .  The variation of turbine eff i -  
ciency with engine temperature r a t i o  and the range of engine temperature 
r a t i o  over which the engine w i l l  operate were experimentally determined. 
The experimental results showed f o r  engine temperature r a t i o s  below 3.0 
that the  maximum turbine work was insuf f ic ien t   to   d r ive   the  compressor 
a t  i t s  fixed operating point. As the engine temperature ratio increaaed 
from 3.0 t o  5.0, the  turb€ne efficiency varied from 0.860 t o  0.874. The 
efficiency gradually decreased for engine temperature ratios above 5.0 
t o  a value of 0.834 at an engine temperature ratio of 6.6. 
.% determined over a wide range of equivalent t i p  speed and pressure  ra t io  
Turbine performance obtained from a one-dimensional analytical   pre- 
dict ion method was  somewhat i n   e r ro r  as t o   t h e  value of engine tempera- 
ture r a t i o  at l imiting turbine work and as t o  the value of the turbine- 
inlet equivalent flow f o r  s t a t o r  area ratios greater than design. 
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The turbojet  engine for the supersonic airplane must operate over 
a range of temperature a t  t h e  compressor inlet. The var ia t ion in  
compressor-inlet temperature may require   that   the  compressor or turbine, 
or both, operate over a w i d e  range of flow conditions. A mode of engine 
operation which requires this operational flexibility of the turbine is 
described in reference 1. This mode of engine operation utilizes tur- 
bine stator and exhaust-nozzle area adjustment t o  maintain a f fxed  com- N 
pressor operating point, and requires that the- turbine operate  over a 
wide range of equivalent weight  flow and equivalent  speed. An invest i -  to 
gation i s  being conducted a t  the NACA Lewie laboratory to study aero- 
dynamic problems associated with such adjustable-stator turbine designs. 
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The f i rs t  par t  of this  invest igat ion i s  reported in reference 1, 
which presents an analysis of the turbine requirements fo r  a par t icular  
compressor operating  point over a range. o f  ewine  . temperature  ratio.  
For a turbine-inlet temperature of 2460° R, flight conditions of a Mach 
number of 2.12 in  the s t ra tosphere and sea-level take-off correspond t o  
engine temperature r a t fos  of 3.31 and 4.75, respectively. If turbine- 
inlet  temperatures  greater  than 2460' R are employed for take-off , or 
if' the  airplane f l ies  below a Mach number of 1.25 in   the  s t ra tosphere 
with a turbine-inlet temperature of 2460° R, engine temperature r a t io s  
greater than 4.75 w i l l  r esu l t .  The r e su l t s  of this analysis indicated 
tha t  a feasible single-stage air-cooled adjustable-stator turbine de- 
sign could be obtained within reasonable aerodynamic limits. A single- 
stage air-cooled turbine was designed to meet these requirements, and 
the performance of a scale model was obtained with the stator a t  the 
design setting of sea-level take-off w i t h  an engine temperature r a t i o  
of 4.75. A t  design equivalent work and equivalent t i p  speed, a brake 
internal efficiency of 0.87 was obtained. 
The primary purpose of this report i s  t o  present the exgerimental 
performance of this turbine over a range of estimated stator sett ings 
corresponding t o  engine temperature r a t io s  from 2.70 t o  6.56. The 
performance of the scale-model turbine was obtained i n  a cold-air test 
f ac i l i t y  w i th  the  s t a to r  set a t  six different  flow areas. A t  each sta-  
tor  set t ing,  the turbine performance data were obtained over a range of 
equivalent t i p  speed and total-pressure ratio.  These data were then 
used to determine the variation of turbine efficiency with engine tem- 
perature ratio.  Reference 1 showed that the turbine operation ap- 
proached the condition of l imiting rotor blade loading as the engine 
temperature r a t i o  decreased. L i m i t i n g  loading of the turbine rotor 
blades at given turbine equivalent speed represents the m a x i m u m  turbine 
work obtainable a t  tha t  speed. The lower limit of engine temperature 
r a t i o  at which the engine w i l l  operate with the.._coqressor at the se- 
lected operating point was determined from the data; t h i s  l i m i t  i s  de- 
fined as the  engine temperature r a t i o  at which %he turbine work at 
l imiting blade loading is  equal t o  the work required  to  dr lve  the com- 
pressor at the fixed operating point. 
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The ef fec t  of s ta tor  blade end clearance, which was  necessary for 
* the adjustment of the stator blade area, w a s  a l s o  experimentally de- 
termined f o r  one s ta tor  blade sett ing.  
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A second purpose of this report i s  to   present  the results obtained 
from a one-dimensional method used to   p red ic t   the  performance of this 
turbine over the range of engine temperature ra t io .  The method em- 
ployed is  essent ia l ly  the  sane as that presented in  reference 2. The 
predicted performance is compared with the experimental performance. 
A 
a'  
cr  
b 
E 
f 
Q 
2 
M 
+ 
a 
P 
R 
T 
U 
w 
SYMBOLS 
The following symbols =e used i n   t h i s   r e p o r t :  
frontal  area  based on blade t i p  diameter, sq ft 
cr i t ica l   ve oc i ty ,  pRT.)1/2, f t / sec  
r a t i o  of bleed air flow t o  compressor-inlet f l o w  
specific work, Btu/lb 
r a t i o  of fuel flow t o  compressor-exit flow 
acceleration due t o  gravity, ft/sec2 
r a t i o  of leakage flow t o  compressor-inlet flow 
Mach nuniber 
absolute pressure, Ib/sq f t  
gas  constant, f t -lb/ ( lb  ) (9) 
absolute temperature, ?R 
blade velocity, ft/sec 
weight flow, lb/sec 
r a t i o  of specific heats 
r a t i o  of gas pressure t o  NACA standard sea-level pres sure, p 
L+l 
/Po 
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E correc t ion   for   ra t io  of specific heats, 
q turbine brake internal   eff ic iency 
e* square of r a t i o  of c r i t i ca l  ve loc i ty  t o  c r i t i ca l  ve loc i ty  a t  NACA 
standard sea-level temperature, ( a;Jair ,o)2 
01) angular velocity,  radians/sec 
Subscripts : 
C 
a 
e 
T 
t 
X 
0 
I 
2 
3 
5 
compressor 
de sign value 
engine operati% condition 
turb iue 
t i p  
axial 
NACA standard sea-level condition8 
compyessor i n l e t  
compressor ex i t  
turbine s t a to r  i n l e t  
turbine r o t o r  exit  
Super sc r ip t  : 
f t o t a l  state 
TURBINE ANALYSIS 
Turbine Requirements 
. .. 
The variation8 of required turbine equivalent work and equivalent 
speed with engine temperature r a t i o  have been determined i n  reference 1 
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and me shown in  f igures  1 and 2. The variation of required turbine- 
inlet equivalent f lar, including a correction for the change i n  y, is  
presented in figure 3. The turbine equivalent work and equivalent t i p  
speed are highest at the low engine temperature r a t io s ,  while the 
turbine-inlet equivalent w e i g h t  flow is highest at the high engine tem- 
perature ratios.  These conditions m u s t  be sa t i s f i ed  by the turbine in  
order that the compressor operating point remain fixed as the engine 
temperature r a t i o  vasies. That is, at. each engine temperature ratio, 
the  s ta tor  flow area must be adjusted so that  the  required  turbine-inlet  
equivalent w e i g h t  f l o w  is  obtained. Then, at t h i s  stator se t t ing ,  the  
turbine must a t ta in   the  required work a t  the required t i p  speed i n  order 
that it d r i v e  the compressor. An acceptable turbine efficiency should 
also be attained  in  order t o  have good engine performance. 
a 
Estimation of Stator  Flow Areas 
The variation of the  stator  f low area which gives the required mi- 
at ion of inlet equivalent w e i g h t  flow with engfne temperature r a t i o  was 
approximated by the me of the  velocity diagrams calculated  for  several  
engine temperature r a t io s  ( r e f .  1). The variation of the estimated 
stator-throat area at the mean blade section w i t h  engine temperature 
r a t i o  i s  presented i n  figure 4. The stator-throat areas increased as 
the engine temperature ratio increased. 
Prediction of Turbine Performance 
The a b i l i t y  t o  predict   the performance of the  adjustable-stator 
+ 
turbine over a range of s t a t o r  f l o w  area i s  bportant   in   es t imat ing  the 
analyt ical  method which essent ia l ly  corresponds t o  that of reference 2 
was  used to   p red ic t   t he  performance of the model turbine a t  the  six 
estimated stator-throat areas indicated in  figure 4. The prediction 
method, which i s  a one-dimensional analysis, uses certain loss and flow 
angle  assmqtions  together  with  the  basic one-dimensional compressible 
flow equations to   ca lcu la te  blade-row i n l e t  and e x i t  flow conditions in 
the form of velocity parameters. These parameters are then used t o  
compute the turbine work, efficiency, and w e i g h t  flow for given equiva- 
lent blade speeds, turbine geometry, and range of tangential  component 
of velocity at the stator exit. The loss and angle assumptions are as 
follows : 
- engine  operating limits when experimental data are unavailable. An 
Loss assmnptions. - 
1. Incidence loss at s ta tor  and rotor  inlets: The kinetic energy 
associated with the component of inlet relat ive  veloci ty  normal to the  
(. 
* tangent t o  the blade mean camber l i n e  at the  leading edge is  assuned lost. 
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2. B l a d e  loss: The losses due t o  f r i c t i o n ,  secondary flow, and 
t i p  cleasance of a blade row are -included in an "effective viscous 
lose" parameter. This parameter depends on the average dynamic pres- 
sure  across the blade row and on a blade-loss parameter which i s  assumed 
constant for a given turbine. 
3. Shock loss:  A shock loss occurh a t  t he  ex i t  of a blade row i f  
the relative exi t  veloci ty  i s  supersonic. This loss is assumed t o  occur 
a t  a normal ahock condition because iAis ahock repreeents the maximum 
total-pressure loss a t  a given eupereonic Mach number. 
4. Exit  whirl loss: The kinetic energy associated w i t h  the abso- 
lute ' tangential  velocity a t  the rotor exit is a loss which is chargeable 
t o  the turbine. 
Angle assumption. - In a blade row with subsonic or sonic flow at 
the  throa t ,  the  flow angle at a point just inside the trailing edge w a s  
assumed t o - b e  that angle whose Bine is the r a t i o  of the throat width t o  
the pi tch minus traillng-edge blockage. Flow conditions downstream of 
the exit were determine& by considering continuity, constant tangential 
component of velocity, and no losses between the s ta t ion   jus t  qstream 
of the trailing edge and the downstream station. For supersonic exit 
Mach nurnbers, the weight flow a t  which the blade r& chokes and the 
supersonic velocity at the   blade  exi t  uutsrlde the. passage together w i t h  
assumed shock losses were used t o  calculate the- flow angles (see appen- 
dix C ,  r e f ,  2) .  
Calculation procedure. - The calculation of the blade-loss param- 
e t e r ,  which i s  assumed constant for a given turbine, is the   i n i t i a l   s t ep  
i n  the procedure for performance prediction. The experimental per- 
formance at the design stator sett ing was used tt, determine the blade- 
lo s s  parameter such that the calculated efficiency agreed w i t h  the ex- 
perimental efficiency at the design value of equivalent t i p  speed and 
equivalent turbine work. This value of the blade-loss parameter was 
then assumed t o  be constant, and the work output, efficiency, and weight 
flow of the turbine were calculated for s i x  s t a t o r  blade settfngs. The 
calculated  efficiency was made t o  agree with the experimental efficiency 
of the turbine a t  the design value  of equivalent t i p  speeit and equiva- 
lent   turbine work by  selection of the proper value of blade-loss param- 
eter .  However, the calculated equivalent weight flow obtained at t h i s  
speed and work will not necessarily agree with the experimental value 
even though the over-all losses are i n  agreement w i t h  the experimental 
values, because the assumed l o s s  dis t r ibut ion may d i f f e r  from the actual 
loss distribution. Thus, f o r  the same s ta tor  area rat io  the match points 
for  the  predicted and e-erimental turbine perfqrmance may be s l igh t ly  
different.  In order t o  determine the match point  for  the predicted tur- 
bine performance f or the different  stator s e t t i x s ,  a small portion of 
a hredicted turbine performance map must be  constructed  for a range of 
N 
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- equivalent  turbine speed  and pressure  ratio.  Therefore, at each s ta tor  
blade setting the turbine performance was  calculated for two equivalent 
speeds: the value corresponding t o  the engine temperature r a t i o  f o r  
which the  stator-throat area w a s  estimated and a value approximately 
15 percent greater. The turbine performance for  any speed withfn this 
range was  obtained by a l inear   interpolat ion between these two speeds 
along lines of constant turbine pressure ratio p 
3 x,5' 
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As par t  of the calculation procedure, the effect of the various 
loss assumptions on turbine efficiency can be determined. A breakdown 
of the calculated losses in terms of turbine efficiency is  included as 
par t  of the performance prediction. 
Equipment and Instrumentation 
The turbine used in the investigation was a 0.528 scale model which 
could be tes ted in  an exis t ing turbine test  fac i l i ty .  This  test f a c i l -  
i t y  and the instrumentation used t o  determine the turbine prfomnance 
are described in reference 1. 
The instruments used i n  measuring the turbine performance w e r e  
read  with  the following precision: 
Absolute  pressure,  in.  tetrabromoethane . . . . . . . . . . . . .  H.5 . 
Orifice pressure drop, in. water . . . . . . . . . . . . . . . .  M.5 
Temperature, deg . . . . . . . . . . . . . . . . . . . . . . . .  *1 
Torque load, lb . . . . . . . . . . . . . . . . . . . . . . . . .  iO.2 
Rotational speed, r p m  . . . . . . . . . . . . . . . . . . . . . .  &lo - 
Procedure and Performance Calculations 
A t  each stator blade sett ing,  data were taken over a range of pres- 
sure r a t i o  and equivalent t i p  speed i n  order to obtain a complete per- 
formance map at each stator blade sett ing.  For a l l  test  points,  the 
i n l e t   t o t a l  temperature w a s  maintained between 683O and 6870 R. The 
inlet t o t a l  pressure varied between 24 and 27 inches of mercury abso- 
lu te ,  depending on the  air flow and the ambient air pressure. 
The method of computing the brake internal  efficiency, which is 
the same as that described in reference 1, gives a conservative value 
as a loss to the turbine.  
- since  the  nergy  represented in   the  absolute   rotor-exi t   whir l  is charged 
8 - NACA RM E54F17 
Al the turbine performance data a t  each stator setting were re -  
duced t o  NACA standard sea-level conditions at the turbine s ta tor  inlet .  
The performance was expressed in terms of the following variables: 
(a) brake internal efficiency q 
(b) total-pressure  ratio p;/~;,~ 
(c)  equivalent t i p  speed u /@ 
t YT 
(a) work parameter ET/UEYT 
( e )  flow parameter WTUt ,T .c 
&3% 
These par t icular  work and flow parameters were used t o  express the tur- 
bine performance because they are independent of turbine size and be- 
cause they are convenient in matching the turbine-performance t o   t h e  
compressor. A derivation of these parameters together with the mtching 
procedure is  presented in the appendix. 
RESULTS AND DISCUSSION 
Turbine Performance 
Experimental performance. - The over-all perf.ormance of the model 
turbine a t  six s ta tor  area r a t io s  and the perforinance at design s t a to r  
area with stator blade end clearance are presented i n  figure 5. For 
each s ta tor  area rat io  the performance is presented as a plot of tur- 
bine work parameter %/Uf ,T against flow parameter (wTUt ,T/A@3)E 3, 
with l ines of constant equivalent t i p  speed U t  ~/e, pressure rat io  
py~;,~, and brake internal efficiency contours' 7. Figures 5(a)  t o  ( f )  
show the performance maps of the turbine at s t a to r  mea ra t io s  of 1.000, 
0.742, 0.829, 0.911, 1.122, and 1.206, respectively. The line of maxi- 
mum work output, "limiting loading," i s  designated on each map. The 
performance of the tu rb ine  at design stator area with stator blade end 
clearance is shown i n  figure 5(g). 
Variation of turbine operating parameters with engine temperature 
- ratio. - The required  variation of the  turbine flow and work parameters 
with engine temperature r a t i o  is presented in figure 6, and was used 
together with the matching procedure presented i n  the appendix t o  de- 
termine the engine temperature ratio at each s ta tor  se t t ing  at which 
c 
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.) the  experimental turbine performance satisfied  these  requirements of 
weight f low,  work, and speed. These turbine operating points are shown 
on each turbine performance map in  f igure 5. A t  a s ta tor  mea r a t i o  of 
0.742 ( f ig .  5(b)),  the turbine operating point l ies above the  maximum 
turbine work parameter, and at this point,  only the turbine speed and 
flow parameter are sat isf ied.  Because the turbine i s  not capable of 
producing the required work, the  engine w i l l  not run with the  compres- 
sor at the specified operating point. In  order t o  determine the limits 
of engine operation , the maximum turbine work (limiting  loading) w a s  ob- 
ta ined  for  temperature ratios represented by each of the stator set t ings 
at the values of equivalent speed and flow parameter corresponding t o  
the operating point. These values are plotted against engine tempera- 
t u re   r a t io   i n   f i gu re  6 , and the region above this   l ine   represents  a 
nonoperating region f o r  the turbine. The limlting loading and required 
turbine work values are equal a t  a temperature r a t i o  of approximately 3. 
This i s  the  minimum engine temperature r a t i o  at which the turbine will 
d r i v e  the   coqressor  a t  i t s  fixed operating point. 
N 
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The engine temperature ratios as determined from the matching pro- 
cedure for  the given s ta tor  area ratios are shown fn figure 7 .  These 
points define the experimentally determined variation of s ta tor  area 
r a t i o  w i t h  engine temperature r a t i o  and are reasonably close t o   t h e  es- 
timated values. The difference between the experimental and estimated 
points shows that the actual.  turbine w e i g h t  flow at each stator se t t ing  
was  s l ight ly   different  f rom the value required at the engine temperature 
r a t i o   f o r  w h i c h  the s ta tor - throa t  area had been estimated. Turbine per- 
formance data showed that both the stator and rotor were choked at the 
required  turbine  operating  point  for  stator area ra t io s  a t  and below the  
design value,  and f o r . t h e   s t a t o r   m e a   r a t i o s  greater than design, the 
rotor continued t o  choke and the s ta tor  was unchoked. As the  experimen- 
t a l  data show, significant increase in turbine-inlet equivalent flow 
above the design value was obtained even though the  rotor  was choked. 
This increase in turbine-inlet equivalent flow i s  primarily due t o  a 
rise i n  relative total  pressure at the  r o t o r  throat.  An analytical dis- 
cussion of t h i s  phenomenon is presented i n  reference 3. 
The variation of turbine  internal  efficiency  with  engine tempera- 
t u re   r a t io   fo r   t he  fixed coqressor operating point is  shown in   f i gu re  
8. The flight conditions of sea-level take-off and a Mach  nuniber  of 
2.12 in the stratosphere w i t h  a turbine-inlet  temperature of 2460O R 
are indicated. For engine temperature ratios between 3.0 and 5.0, the 
turbine  efficiency var ies  only slightly, ranging between 0.860 and 
0.874. A s  the engine temperature ra t io  increases  above 5.0, the tur- 
bine efficiency decreases gradually to a va lue  of 0.834 a t  an engine 
relative increase  in  the absolute rotor-exit whirl and rotor incidence 
loss  at the high engine temperature ratios. Because the  method of 
- temperature r a t i o  of 6.6. This &op in   eff ic iency may be due t o  the 
c evaluating  the  turbine  fficiency charged the  turbine with the  nergy 
10 NACA RM E54F17 
represented  in   this  whirl, the turbine  efficiency may be expected t o  
decrease, as shown in reference 1, where the estimated leaving loss  i e  
plotted against the engine temperature r a t io .  Reference 1 shows t ha t  
the magnitude af this leaving loss is 2 .6  percent of the turbine work 
a t  an engine temperature rat i o  of 6.6. 
Effect of stator clearance on turbine gerformance. - During the 
process of tes t ing  this turbine w i t h  the different stator-throat areas, 
it was necessary t o  remove some metal from the s ta tor  blade ends at 
e i ther  the hub or the t i p  i n  order t o  set the blade a t  the proper chord 
angles. After the performance of the turbine at the various stator 
blade settings was obtained, the stator blades of the turbine were re- 
set   to   the  design  area and the clearances a t  the hub and t i p  were mea- 
sured. The r a t i o  of this clearance t o  the blade span was 0.008 at the 
hub and 0.005 at the t i p   f o r  a blade span of 2.03 inches. The perform- 
ance of the turbine with these clearances was then determined and com- 
pared wi$h  that previously  obtained  with  the  blades set i n  this position. 
Figure 9 shows the variation of the turbine efficiency and flow param- 
e te r  with the turbine work parameter fo r .  the2e.twq configurations at tne 
required equivalent t i p  speed for the take-off condition. Over the 
range of turbine work parameter,.the maximum difference  in  the e f f i -  
ciency is 0.01 and the choking va lue  of turbine flow parameter was in- 
creased by approximately 1.5 percent. It m y -  be concluded for this 
turbine that the   s ta tor  blade clearance had little ef fec t  on the turbine 
performance. 
- ". - 
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Comparison of Predicted and Experimental Turbine Performance 
The values of work parameter at Uniting blade loading  (for the c 
required equivalent speed and flow paramter )  determined from the pre- 
dicted tuPbine performance are plotted against  engine temperature r a t i o  
i n  f igure 10. The engine temperature r a t i o  a t  w h i c h  the limiting load- 
i n g  work equals the required work i s  approxid te ly  2.65, a value which 
I s  lower than  the  engine  temperature  ratio of- 3 .O determined from the 
experimental resulte. AB the engine temperature ratio decreases,  tu- 
bihe operatton approachee l imiting blade loading, and reference 2 shows 
that the method ae applied doee not predict the performance accurateiy 
f o r  t h i a  flow condition. 
" 
-. 
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The variation of the stator- throat   area  ra t ios  w i t h  engine temper- 
a tu re   r a t io  determined from the predicted turbine performance is corn- 
pared with the experimental values i n  $igure 11. A t  engine temperature 
r a t io s  below 4.75, the predicted values agree reasonably w e l l  w i t h  the 
experimental values.  This agreement may be expected  because  turbine - 
performance data indicated that the s ta to r  waa choked i n  this region. 
The turbine stator then controls the. turbine-inlet equivalent weight 
flow i n  this range of engine temperature r a t i o .  However, the predicted 
" 
. 
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stator-throat areas are appreciably i n  error  f o r  temperature r a t i o s  
t ro l l i ng  the flow, and if the assumed losses and loss coefficients are 
in  error  the  predicted turbine flow w i l l  be correspondingly i n   e n o r .  
It may be concluded then that the  prediction method as applied does 
not  accurately  predict the turbine-inlet  equivalent flaw i n  the region 
where the rotor  is choked and the s ta tor  i s  unchoked. 
. above 4.75. A t  these  temperature ratios the rotor 5s p r i w i l y  con- 
The variation of the predicted turbine  efficiency w i t h  engine tem- 
perature r a t i o  is compared Wlth the experimental values i n   f i g u r e  12. 
A t  the l o w  engine temperature r a t i o s  the predicted  turbine  efficiency 
is  higher than the experimental values, and at the high engine temper- 
ature rat ios   the  predicted  eff ic iency is lower than the experimental 
values.  Figure 13 shows the variation of the predicted losses through 
the turbine with engine temperature r a t i o   f o r   t h e  range of s ta tor-  
throat  mea r a t i o  considered. The s ta tor  and rotor  blade viscous losses 
contribute the major portion of the  total .  loss tbrough the turbine. 
Stator incidence and shock loss at  the stator and ro tor   ex i t s  are neg- 
l i g ib l e ,  and rotor incidence loss is smal7, over the range of engine 
temperature ra t io .  The loss due t o  r o t o r  e x i t  w h i r l  is small at the  
l o w  engine temperature r a t i o  and increases t o  approximately a 3-percent 
loss in   turbine  eff ic iency at the high engine temperature ratios. 
A reasonable explanation as t o  why the  prediction method did not 
predict  the turbine performance more accurately may be as follows: 
The calculated viscous losses which consti tute the major portion of the 
losses through the turbine are somewhat i n   e r ro r ,   pa r t i cu la r ly   fo r  
stator-throat area ra t io s  greater than desfgn. This is  shown in  f igure  
11 where the stator mea ratios (from the prediction method) required 
to   pass  a turbine-inlet flow f o r  a given engine temperature ra t io   great-  
sequently, the assumption of a constant bhde-loss parameter for the 
turbine (evaluated for the design turbine geometry) is  i n  error when 
the turbine geometry is  altered.  
- 
- er than  4.75 are appreciably  larger  than  the  xperimental values.  Con- 
From this  experimental and analytical investigation of turbine 
stator adjustment the following results were obtained: 
1. The experimental results indicated that the requfred v a r i a t i o n s  
in  turbine-inlet   equivalent flow and equivalent work output were ob- 
tained f o r  a range of engine t e q e r a t u r e   r a t i o  from 3.0 t o  6.6. 
c 2. A t  engine  t mperature r a t io s  belm 3.0, the maximum work output 
of the turbine was  insuff ic ient  t o  d r i v e  the compressor a t  i t s  fixed 
operating  point. 
L 
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3. The turbine efficiency varied between 0.860 and 0.874 f o r  en- 
gine temperature r a t io s  between 3.0 and 5.0. The efficiency gradually 
decreased f o r  engine temperature r a t io s  above 5.0 t o  a value of 0.834 
at an engine temperature r a t i o  of 6.6. 
4. The s t a to r  blade end clearance had little ef fec t  on the perform- 
ance of the turbine. 
5. The prediction method did not   accurately  preact   the  turbine 
performance over the range of stator-throat axes r a t i o s  considered. 
The predicted engine temperature ratio for limlting turbine work output 
was 2.65 as compared with the experimental value of 3.0, and turbine- 
inlet  equivalent weight flows for stator area ratios greater than design 
were appreciably less than the experimental values .  
L e w i s  Flight  Propulsion  Laboratory 
National Advisory Committee f o r   k r o n i u t i c s  
Cleveland, Ohio, June 9, 1954 
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Work and Flow Parmeters 
The basic equations that determine the equilibrium operating point 
of a compressor and turbine are as follows: Because the compressor and 
turbine are  direct ly  coupled, the angular velocity of the turbine must 
L,  equal  the angular velocity of the compressor 
The weight flow through the turbine must equal the weight flaw at  the 
compressor ex i t ,  which is assumed t o  be the weight flow entering the com- 
pressor m i n u s  any bleed and leakage, 
The power of the turbine m u s t  equal the power of the compressor 
Rewriting equation (Al) i n  terms of equivalent t ip speed of the compres- 
sor and turbine g-lves 
,. 
Rewriting equation (&) in terms of equivalent compressor and turbine 
weight flow and dividing  by  the  turbine frontal area  yields 
r 
In a similar m m e r  equation (A3) becomes 
14 . -. 
By multiplying equation (A5) by (84) and simplifying, the following tur- 
bine flow parameter is obtained: - . .  . .  1" 
Conibining equations (A5), (A6), and the square of (A4)  yields the tur- 
bine work parameter 
For a given compressor operating point, compressor frontal  area,  and 
r a t i o  of compressor f rontal  area to turbine frontal  area, the turbine 
work parameter is dependent upon f , 1, and b , and the turbine flow pa- 
rameter is dependent upon f ,  t ,  b, y, and burner pressure drop &&. 
. . .  
Matching Procedure 
The variation of fuel-air rat io ,  bleed a i r  flow, r, and e with 
engine temperature r a t i o  m y  be determined from the range of engine tem- 
perature ratio,  the selected compressor operating point, and turbine-inlet  
temperatures under consideration. An estimation of engine leakage and 
burner pressure drop may a l s o  be made. These quantities together w i t h  
the  given compressor operating  point, compressor frontal area, and r a t i o  L 
of compressor t o   t u r b h e  frontal area are used-to determine the variation 
of the turbine work and flow parameters with e=.Fne temperature r a t io .  
" 
.. 
For a given turbine perforgance a t  a particular stator area, an en- 
g ine   t eqera ture   ra t io  is assumed; work -and flow parani&ers are calcula- 
ted; and an equivalent tvrbine t ip speed is read from the turbine per- 
f Ormance map. 
- .. . " . . -. 
- - . .  - . .. . .  - " 
.. 
This equivalent t i p  speed together with equation (A4)  is then use& 
to calculate  an enghe temperature ratio.  A match point is obtained when 
the assumed engine temgerature r a t i o  agrees with.the calculated engine 
temperature r a t i o .  This procedwe was used for both the experimental and 
predicted  turbine performance. 
. .: . . - . .  ._ . - . .  .- .. . . .  . .  "-.I 
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Figure 1. - Variation of required turbine work ratio with 
engine temperature  ratio. 
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Figure 2. - Variation of turbine equivalent speed ratio with 
engine temperature r a t io .  
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Figure 3. - Variation of turbine-Inlet equivalent weight-flow 
r a t i o  w i t h  engine temperature ra t io .  
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Figure 4. - Variation of est-ted stator-throat area ratio 
with englne temperature ratio. 
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( a )  Stator-throat  area ratio, 1.000 (design  Chroat  areaj. 
flgure 5. - Over-all  performance of scale-node1  turbine. 
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Figure 5. - Continued. Over-all performance of scale-model turbine. 
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(c) Stator-thrast a r e a  ratlo, 0 .829 .  
Figure 5. - Continued. Over-all performance of scale-model  turbine. 
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Figure 5 .  - Continued. Over-all performance of scale-model turbine. 
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( 9 )  Design stator  area ~ l t h  e t a t a r  blade end clearance. 
Figure 5. - Concluded. Over-all performance of BChle-mOdel turbine. 
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Figure 6. - V a r i a t i a n  of flow and work paramsters w i t h  englne 
temperature ra t io ,  Shawlng limit- lOaahg region. 
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Figure 7. - Canparison of estimated and expertmental stator- 
thrcat area ratio8 with engine temyerature ratio. . 
.- 
NCLCA RM E-17 29 
1 I I t t 
Bcperimental   s ta tor-  
t h r o a t  area ratio - 
o Without end clearance 
A With end clearance 
F .90 
2 
3 8  
% .80 
2 3 4 5 6 7 
EslgFne temperature  ratio 
Figure 8. - Vmiation of turbine eff'iclency with engine 
temperature  ratio. 
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Figure 9. - Comparison of efficiencies and flaw parameter with 
work pmuueter at desim turbine equiva1en.t ape& at the 
design e t a t u r  area. 
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Figure 10. - Variation of predicted limiting wcrrk parameter 
with engine temperature ratio. 
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Figure U. - VarLation of predicted stator-throat area ratio 
with engine temperature ratio campared w i t h  experhnta l  
values. 
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Figure 12. - Comparison of predicted and experimental turblne 
efficiency variation with engine temperature ratio. 
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Figure 13. - FX'Pfect of losses on predicted turbine 
efficiency. 
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